The first macrocycle incorporating two ruthenium sandwich complexes has been synthesised. Key step is a cyclodimerisation by double etherification of a p-chlorophenylalanine-derived [RuCp*] + complex. Silica-based cation exchange chromatography allowed the separation of dicationic diastereomers. Assignment of the relative configurations was possible by X-ray structure determination. Partial demetalation in acetonitrile proceeded in high yield by irradiation in the presence of biphenyl.
Introduction
Diaryl ethers constitute important structural motifs of peptidic natural products, because they enhance the stability against digestion by proteases [1] . Most prominently, vancomycin A is used clinically as an antibiotic [2] . The possibility of synthesising [RuCp*] + -complexed diaryl ethers (3) by nucleophilic attack of phenolates (1) at [RuCp*] + sandwich complexes of chlorobenzene derivatives (2, Scheme 1) [3 -6] allows to combine the stable diaryl ether structural motif with metal complexation within a peptidic frame. From a broader perspective, there is clear potential of metalpeptide conjugates for anticancer therapy [7, 8] . In the case of ruthenium, radioactive isotopes might be delivered precisely to biological target structures with the help of the peptide backbone [9 -12] , e. g. for bioimaging [13] .
Diaryl ether peptides synthesised employing ruthenium sandwich complexes include K-13 and OF-4949-III [14 -16] . There has also been intense work on the total synthesis of Ru-complexed vancomycin-type diaryl ethers, in particular towards ristotecin A by the Pearson group [17, 18] . We have developed a universal protocol for the modular synthesis of linear, [RuCp] + - [19, 20] or [RuCp*] + -labeled [21] diaryl ether peptides such as 4 equipped with two [RuCp*] + caps. We also developed an efficient protocol for the purification of the charged complexes by semipreparative HPLC. In this paper, we address the questions (a) whether [RuCp*] + -labeled cyclooligomers can be assembled by macrocycloetherification, and (b) which ring size would be preferred. Our experiment was encouraged by results on the related macrocyclic structure of the bastadins from the marine sponge Ianthella basta, which are constructed from two tryamine-and two tyrosine-derived units connected by two diaryl ether and two amide bonds [22] .
Results and Discussion
Building block 7 (Scheme 2) was available in one step by condensation of tyramine (6) with [RuCp*] + -complexed, racemic Boc-protected pchlorophenylalanine (5) which itself was synthesised in two steps from RuCl 3 · xH 2 O and the corresponding Boc-protected amino acid ester, followed by saponification with LiOH [21, 23, 24] .
In the presence of KOtBu/18-crown-6 under dilution conditions (1 mM, THF/MeCN), amide 7 was consumed almost completely after about 90 min. After 24 h at 23 • C, only two diastereomeric products (8, 9) had been formed almost exclusively which were isolated in yields of 47 % and 48 %, respectively. To our delight, separation of 8 and 9 was possible on a preparative scale employing a Chromabond SA cation exchange stationary phase and a solution of NaOAc in MeOH as mobile phase. Fig. 1 shows the cation exchange HPLC elution profile (Nucleosil ® 100-5 SA, increasing NaOAc concentration in MeOH) with full separation of the two macrocyclic diastereomers. Dimerisation was indicated in the mass spectra under different ionisation conditions with prominent peaks corresponding to the dication ( had disappeared in favour of signals at δ C = 132.2 (8) and δ C = 132.1 (9) . Assignment of the relative configurations of the macrocycles 8 and 9 is not possible by NMR spectroscopy, because the two stereogenic centers are too distant from each other. Fortunately, we obtained crystals which had to be treated very carefully due to loss of acetone molecules already when removed from the mother liquor and exposed to the open atmosphere. Finally, six acetone molecules remained incorporated in the elementary unit. X-Ray structure determination on single crystals of compound 8 (see Table 1 and Experimental Section [25] ) eluting earlier revealed inversion symmetry ( Fig. 2 ) which allowed not only to assign the diastereomers to the HPLC peaks, but also to gain information on the preferred conformation of 8. The [RuCp*] + caps are situated in the outer sphere of the ring.
Photochemical demetalation of [RuCp] + -or [RuCp*] + -complexed diaryl ethers in MeCN is of relevance for natural product synthesis and has been employed on several occasions with varying yields (30 % -85 %), often in situ without work-up of the Ru complex [14, 17] . Having clean material in hands, we investigated the behaviour of macrocycle 8. Addition complete decomplexation had occurred after 11 h, and the solution had turned from colourless to slightly grey. On irradiation of 8 in MeCN at 366 nm in the presence of biphenyl the mono [RuCp*] + complex 11 (ESI-MS, found 1001.3946) precipitated from the solution and could be isolated in high 88 % yield after 39 h (Scheme 3). Characteristically, the ratio of aromatic protons of complexed to non-complexed phenyl groups in the 1 H NMR spectrum shifted from 1 : 1 in the starting material 8 to 1 : 3 in compound 11.
In summary, compounds 8 and 9 are the first macrocyclic peptide-like structures with two [RuCp*] + caps. Our synthesis features the first macrodimerisation by double diaryl ether formation which will also become useful for the synthesis of bis-diaryl ether natural products. The yields are satisfactory. We did not isolate any trimers or higher oligomers of 7. A similar preference of macrodimerisation had been observed by Boger and Yohannes who assembled a metal-free bis diaryl ether macrocycle of the same size by amide coupling which differed from 8 and 9 by the presence of a m,p -instead of a p,p -disubstitution pattern of the diaryl ether moieties [27] . For photochemical demetalation, addition of biphenyl as UV absorber can be recommended. Only very few peptides complexed with more than one [RuCp] + or [RuCp*] + unit have been described. Prior to our compounds 4 [21] , 8 and 9, Sheldrick and co-workers had reported the synthesis of doubly [RuCp*] + -labeled dipeptides and diketopiperazines [28] . In 2010, Kudinov and co-workers complexed both the tyrosine and the phenylalanine side chains of the decapeptide angiotensin I by a [RuCp] + unit [29] .
Experimental Section
General: Reagents were purchased from Aldrich, Acros, Merck, and Lancaster at high commercial quality and were used without further purification. Reactions were controlled by analytical HPLC and thin-layer chromatography (0.25 mm E. Merck alumina plates NH 2 F 254 S). TLCs were analysed under UV light (λ = 254 nm), followed by heating after treatment with 1,10-phenanthroline (2 M dipping solution in EtOH). Macherey-Nagel Chromabond ® SA (particle size 45 µm) was used for semipreparative column chromatography. The HPLC experiments were performed at 25 • C using a Kontron Instruments 322 pump system. The column was a Macherey-Nagel EC 250/4 Nucleosil ® 100-5 SA (length 25 cm, diameter 0.4 cm, particle size 5 µm). MeOH was HPLC-grade, NaOAc was superpure. NMR spectra were recorded on a Mercury 200 Varian, a Varian VRX 400S and a Bruker AMX 600 spectrometer. The NMR shifts were calibrated using the solvent peak as internal reference and assigned on the basis of HSQC and HMBC experiments. All infrared spectra were recorded on a IFS 45 Bruker spectrometer. High-resolution fast atom bombardment (FAB), electrospray ionisation (ESI) and matrix-assisted laser desorption ionisation (MALDI) mass spectra were recorded on a Finnigan MAT 95Q and a Bruker Autoflex II mass spectrometer. Melting points were determined with a Electrothermal IA 9000 Series melting point microscope and are uncorrected.
Amide 7
At 0 • C, HOBt (74 mg, 0.54 mmol) and EDCI (68 mg, 0.36 mmol) were added to a solution of amino acid 5 (220 mg, 0.324 mmol, [21] ) in THF (15 mL). After 10 min a solution of tyramine (89 mg, 0.65 mmol) and iPr 2 NEt (0.13 mL) in THF/MeCN (1 : 1, 15 mL) was added. The mixture was stirred at 0 • C for 4 h and at 23 • C for 12 h. The solvent was removed, followed by addition of NaPF 6 (1.1 equiv.) in water (10 mL) and repeated extraction with DCM. The organic phases were combined, and the solvent was removed providing the crude product. Purification by cation exchange column chromatography [Chromabond SA, NaOAc·3H 2 O in MeOH (c = 0.74)] and subsequent treatment of the pure fraction with NaPF 6 (1.1 equiv.) in water (10 mL), followed by extraction with DCM and concentration to dryness resulted in a paleyellow powder (220 mg, 85 %); m. p. 118 • C (decomp. 
Diastereomeric macrocycles 8 and 9
To a solution (1 mM) of amide 7 (67 mg, 0.084 mmol) in THF/CH 3 CN (1/1) at −78 • C was added KOtBu (18.76 mg, 0.167 mmol) and 18-crown-6 (4.42 mg, 0.017 mmol). After 1 h at −78 • C, the reaction mixture was stirred for 24 h at 23 • C. The solvent was removed, a solution of NaPF 6 (1.1 equiv.) in water (10 mL) was added, and the aqueous phase was extracted three times with DCM. The combined organic phases were dried, resulting in the crude product. Purification by cation exchange column chromatography [Chromabond SA, NaOAc·3H 2 O in MeOH (c = 0.74)] and subsequent treatment of the pure fractions with NaPF 6 (1.1 equiv.) in water (10 mL), followed by extraction with DCM and concentration to dryness resulted in the isolation of 8 (30.0 mg, 47 %) and 9 (30.6 mg, 48 %) as pale-yellow powders. 
Monodemetalation of 8
In a water-cooled quartz apparatus a degassed solution of doubly [RuCp*] + -complexed macrocycle 8 (10.0 mg, 0.0065 mmol) and biphenyl (10, 5.04 mg, 0.0327 mmol) in MeCN (4 mL) was irradiated with a Desaga UV high-pressure lamp (366 nm) in an argon atmosphere. A precipitate formed, and after 39 h the solvent was removed, and the crude product mixture was purified by HPLC (Nucleosil ® 100-5 SA, NaOAc gradient in MeOH). The resulting acetate was dissolved in DCM and treated with NaPF 6 (1.1 equiv.) in water (10 mL), followed by concentration of the organic phase to dryness affording 11 as a yellowish solid (6.6 mg, 88 %); m. p. 147 • C (decomp. 
Crystal structure determination
Single-crystal intensity data were collected on colourless single crystals of 8 on a Nonius MACH3 four-circle diffractometer. Graphite-monochromatised Mo K α radiation (λ = 71.073 pm) was used, and the measurement temperature was 295(2) K. An empirical absorption correction based on ψ-scans was applied to the data. The structure was solved by Direct Methods and refined with full-matrix least-squares on F 2 (SHELX-93 [30, 31] ). The hydrogen atoms were included in a riding model. All other atoms were refined with anisotropic displacement parameters. Displacement parameter and distance restraints were used in case of the PF − 6 anion which was split. Crystallographic data have been deposited [25] .
